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Mucha-Kruczyński,1 José Avila,2 Marı́a C. Asensio,3 and Daniel Wolverson1
1

Centre for Nanoscience and Nanotechnology and Department of Physics,
University of Bath, Bath BA2 7AY, United Kingdom
2

Synchrotron SOLEIL, Saint Aubin and Université Paris-Saclay,
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S1.

SAMPLE PREPARATION.

ReSe2 samples were prepared in air by micro-mechanical cleavage (exfoliation) from bulk
single crystals grown by chemical vapour transport and supplied by HQ Graphene. The
cleaved flakes were transferred to a PDMS film for solvent-free transfer to a large highly
oriented pyrolytic graphite (HOPG) flake on a conducting silicon substrate [1]. The HOPG
platform (with dimensions of several 100 µm) provides a conducting link to the grounded
silicon substrate to prevent the ReSe2 layers charging during measurement (essential for
both imaging and spectroscopy) and assists in locating the ReSe2 layers in the ARPES
experiment. Samples were washed with acetone and isopropanol to remove organic residues
and were then annealed in argon for 5 hours at 400 ◦ C; annealing results in coalescence
of material trapped under the layer into relatively few, large bubbles with flat regions in
between, as revealed by atomic force microscopy (AFM) and as observed also for WSe2 [2]
(in contrast to Ref. [2], however, no graphene capping layer was used). Once mounted in
the beamline, samples were annealed again in UHV at 400 ◦ C for over 12 hours.

S2.

SAMPLE CHARACTERIZATION.

Atomic force microscopy (AFM) line scans across step edges were used to confirm the
ReSe2 layer thicknesses and AFM imaging was used to assess the flatness of the layers; optical
microscopy and AFM images are shown in Fig. S1. Layer composition and thicknesses were
checked via Raman microscopy as shown in Fig. 1 of the main text; a Renishaw InVia
system was used with 532 nm excitation and a × 100 objective, giving a spatial resolution
of better than 1 µm, adequate to select each of the 1L, 2L and 3L regions in turn. Since
the ReSe2 layers were placed on thick HOPG platforms and the substrate did not have a
thermal SiO2 layer, interference effects did not modify the intensity of the Raman spectra,
which was found to depend linearly on the number of layers as discussed earlier. Finally,
Re core level X-ray photoemission spectra (XPS), integrated over the binding energy range
40-44 eV, were used to image the ReSe2 layers; individual XPS spectra also confirmed the
bonding of Re to Se.
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S3.

EXPERIMENTAL DATA.

FIG. S1. (a) Optical image of the ReSe2 monolayer after placing on the HOPG support and
annealing. The dashes show the outlines of two monolayer regions, the larger of which was used
in the ARPES work; (b) an AFM phase image of that monolayer, showing bubbles of material
trapped under the layer developed during annealing; (c) an AFM image of the edge of the flake
showing (red solid line) the path used to make the thickness measurement in (d).
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FIG. S2. (a) Optical image of the 1L, 2L and 3L ReSe2 flakes on the HOPG support. The sketch
identifies the different regions; (b) an AFM phase image of the region indicated by the dashed box
in (a). The arrows indicate the paths used for the AFM step height measurements; (c)-(e) AFM
measurements of the step height (c) from HOPG to monolayer; (d) from monolayer to bilayer, and
(e) from monolayer to trilayer. The AFM step height for one monolayer is consistently of order 0.6
to 0.7 nm (on the larger monolayer, we obtain 0.67 nm, Fig. S1) and the step in (e) is 1.6 nm, close
to 2 × 0.67 = 1.34 nm. Given this and also the Raman data in the main text, we infer a thickness
of three layers for this region.
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FIG. S3. Photoemission signal (false color scale) as a function of in-plane momenta kx , ky at (a)
the energy of the valence band maximum (VBM) and (b-e) four energies below the VBM (energy
values shown on the right). In this figure only, x and y are orthogonal, in-plane laboratory axes;
elsewhere, they are defined with respect to the crystal axes as shown in Fig. 5 of the main text.
The signal in each plot was integrated over an energy range of 55 meV. The plots on the right show
the same data as those on the left but with increased contrast and a smaller momentum range
around k = 0 (Γ). The first Brillouin zone superimposed on (c) indicates the directions Γ − M and
Γ − K; the flatter valence band in the Γ − M direction is clear in the energy range of panels (b)
and (c) and confirmed the crystal orientation in the experiment.
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FIG. S4. Photoemission energy distribution curves (EDCs) for monolayer ReSe2 with momentum
in the Γ − M direction (left) and the Γ − K direction (right); the EDC for Γ is the lower, blue
one. The vertical dashed lines for Γ − K (right) at binding energies of ∼ 0.75 (long blue dashes)
and ∼ 0.88 eV (short red dashes) are guides to the eye, marking estimates of the binding energy
at which the photoemission signal rises above the baseline at the Γ and K points respectively; for
the Γ − M case, left hand side, the blue dashed line at a binding energy of ∼ 0.8 eV shows the
position in energy of the nearly flat valence band edge.
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FIG. S5. Photoemission energy distribution curves (EDCs; black dots) and fits to them (red lines)
for 1L, 2L 3L and bulk ReSe2 in the directions Γ − M and Γ − K as indicated on the top right
hand corner of each plot. The procedure for approximating the valence band edge energy is shown
in the following figure, Fig. S6.
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FIG. S6. Fitting process used to extract the valence band edge position for each in-plane momentum
k. Left: the counts for binding energies (BE) well above the valence band maximum (VBM) in
the range k to k + δk were averaged over energy to obtain a baseline count; the baseline-corrected
counts over this k range were then summed over the whole energy range of interest to obtain
a normalization value N . The normalized EDC for that k was then obtained by summing the
baseline-corrected counts at each energy over k to k + δk and dividing by N . Summing counts
over a small range δk ∼ 0.01 Å−1 reduced the noise in the EDC. Right: the EDC for that value of
k was fitted with Gaussians (two are shown here) to reproduce the shape of the normalized EDC
within about 1 eV of the VBM. The binding energy at which a normalized threshold count Ithresh
close to the first Gaussian maximum is located was taken as an indicator of the band edge energy;
note that, because of varying numbers of close-lying bands near the VBM, the peak positions of
the Gaussians could not be interpreted as the energy position of a particular band. Ithresh was kept
constant for all datasets for a given flake and was chosen to be as large as possible, so as close to
the top of the highest band, without being unduly sensitive to the variations in fitting (the value
shown here, 0.009, is typical, with a range of ±0.001). The sensitivity of the band edge positions
to the chosen threshold gave the estimated uncertainties in bandwidth shown in Fig. 4(b) of the
main text. The same, automated process was applied to all the experimental data for all flakes and
all orientations (with a fixed choice of δk, threshold, and initial Gaussian parameters); the band
edge derived in this case is shown by the light blue points on the left hand panel.
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FIG. S7. Comparison of the measured valence band dispersions of a monolayer and a thick bulk
flake with identical orientation. (a) and (b): monolayer and bulk dispersions in directions Γ − M ;
(c) and (d) monolayer and bulk dispersions in direction Γ − K. The color scale indicates counts
from zero to p where p equals 1000, 800, 1400, 1000 for (a)-(d) respectively.
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FIG. S8. Comparison of the measured valence band dispersion along directions Γ − K (dotted red
arrow) and Γ − M (dashed green arrow) for mono-, bi- and tri-layer flakes (1L, 2L and 3L), with
schematic diagrams of the 2D Brillouin zone used to define the directions of the arrows. The data
for Γ − M is reproduced from the main paper for comparison. There is no data for Γ − K for the
1L region of this sample, but Γ − K data is shown for another 1L sample in the main paper. The
color scale indicates counts from zero to p where p equals 3200, 3200 for the top row and 3000,
1600, 1600 for the bottom row.
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FIG. S9. Comparison of the twice-differentiated valence band dispersion along directions Γ − K
(dotted red arrow) and Γ − M (dashed green arrow) for mono-, bi- and tri-layer flakes (1L, 2L and
3L); the raw data is shown in Fig. S8.
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S4.

RESULTS OF CALCULATIONS.

FIG. S10. Calculated Γ − M dispersions for (a) 1L, (b) 2L, (c) 3L and (d) bulk ReSe2 . In (d),
dispersions for a set of equally-spaced slices through the Brillouin zone normal to c∗ are shown,
representing the bulk continuum; panel (d) is symmetrical about Γ if slices with −0.5c∗ < kz <
0.5c∗ are included, since the 2D projection has inversion symmetry but, for clarity, we only plot
dispersions in the range 0 < kz < 0.5c∗ (red to green). The dashed black lines show the energies of
the extrema of the top valence band in each case. Panel (e) compares the 2L dispersions including
Grimme DFT-D2 and DFT-D3 inter-layer van der Waals (vdW) corrections [3]. In (a)-(d), scalar
relativistic GGA projector-augmented wave functionals were used, while (f) compares LDA and
GGA PAW (no vdW corrections). Good agreement with the layer spacing (6.275 Å) for bulk [4]
is given by the GGA+D3 (6.288 Å) and fully-relativistic LDA (6.359 Å) calculations. Panel (g)
compares the 1L dispersions to the bulk dispersion passing through Z (kz = c∗ /2).
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FIG. S11. Comparison of calculated and experimental valence band dispersions of ReSe2 in the
(a,b) Γ − M and (c,d) orthogonal Γ − K directions for (a,c) monolayer and (b,d) a bulk-like thick
flake. The experimental orientations of the bulk and monolayer flakes were identical (they were
adjacent on the substrate after exfoliation). (e) shows the bulk 3D and monolayer 2D Brillouin
zones with the projected K̄ and M̄ directions indicated in the latter. The calculations for the
bulk dispersion took into account the dependence of kz on the in-plane momentum using an inner
potential of 19 eV [5, 6] and the excitation photon energy of 100 eV. At this energy, we expect to
probe the VB near the Z point [5, 7] indicated in (e). Here, fully-relativistic projector augmented
wave (PAW) pseudopotentials were used in the LDA approximation in both 1L and bulk cases.
The data and color scales in this figure are the same as in Fig. S7.
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FIG. S12. Calculated valence band dispersion of monolayer ReSe2 projected onto atomic orbitals
of Re (calculations here used the scalar-relativistic GGA approximation). The top of the valence
band is defined as the zero of energy: momentum is along the direction Γ − K as indicated with
respect to the 2D Brillouin zone (dotted red arrow). Left light blue box: projections onto d orbitals
of Re atom 1; Right dark blue box: projections onto d orbitals of Re atom 2. The other two Re
atoms are related to these two by inversion. The color scale in units of states per eV applying to
this and all following figures is shown, bottom right.

Figure S12 shows that, in comparison to the projected states of the Se atoms, the Re
atoms at the two non-equivalent sites make similar contributions to the band structure. The
compositions of the top valence band near Γ and near K are a key question; unlike many
better-known transition metal dichalcogenides, the contribution of Re dz2 at the top of the
valence band is small compared to that of Re dx2 −y2 across the whole of the dispersion.
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FIG. S13. Calculated valence band dispersion of monolayer ReSe2 projected onto atomic orbitals
of Re (calculations here used the scalar-relativistic GGA approximation). The momentum is along
the direction Γ − M as indicated with respect to the 2D Brillouin zone (dashed green arrow).

Figure S13 demonstrates that the flat band forming the top of the valence band in the
Γ−M direction has a strong contribution from the Re dx2 −y2 and dxy states; as in Figure S12,
the contribution of dz2 at the top of the valence band is again much smaller. On the other
hand, the dz2 states of both Re atoms make a significant contribution near Γ at ∼ 1 eV
below the top of the valence band; by reference to Fig. S15, one can see that these are
hybridised principally with Se pz orbitals. This is the origin of one prominent feature in the
experimental ARPES data.
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FIG. S14. Calculated valence band dispersion of monolayer ReSe2 along the direction Γ − K
projected onto atomic orbitals of Se (calculations here used the scalar-relativistic GGA approximation). Left hand panel (orange box): pz , px , py states (left to right) of selenium atoms 3 and 4;
Right hand panel (brown box): projections onto the same states for selenium atoms 5 and 6. The
other selenium atoms in the unit cell are related to these four by inversion symmetry. The range
of the momentum slice is indicated by reference to the 2D Brillouin zone.

The grouping of the dispersions in Fig. S14 highlights the fact that the Se atoms can be
assigned to two groups according to their contributions to the valence band structure. The
Se atoms (3 and 4) above and below the Re chains have projections which resemble each
other much more closely than they do those of atoms 5 and 6 (see, e.g, the pz contributions
near the top of the valence band); see also Fig. S15 for the direction Γ − M .
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FIG. S15. Calculated valence band dispersion of monolayer ReSe2 projected onto atomic orbitals
of Se (calculations here used the scalar-relativistic GGA approximation). The momentum is along
the orthogonal direction Γ − M as indicated with respect to the 2D Brillouin zone (dashed green
arrow).

In Figure S15, the very flat band in the Γ − M direction is clearly associated with the
px orbitals of all four Se atoms, especially Se3 px and Se4 px . Once again, the difference
between the contributions of Se atoms 3 and 4 to those of atoms 5 and 6 is clear (see, for
example, the dominant contributions of the pz and py states, which are very different).
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FIG. S16. Calculated dispersion of the valence band of bulk ReSe2 projected onto atomic orbitals
(calculations here used the scalar-relativistic GGA approximation and forces were relaxed below
∼0.1 eVÅ

−1

.) for the direction Γ − Z, perpendicular to the layer planes. Examples of the two

types of Se atom are considered (top orange box: atom 4; bottom brown box: atom 6); the other
two atoms (3 and 5) give similar results. The energy of the top of the valence band is indicated by
the white dashed lines.

Similar to other DFT-based calculations and experimental data for bulk ReSe2 , [5–9] we
find that the Z point is highest in energy along this path in reciprocal space, as shown in
Fig. S16. The chalcogen contribution to the uppermost band switches between dominant
pz character at Z to px at Γ and both lie very close in energy. In the next figure, S17, the
contributions of the Re atoms to the same bands are analyzed.
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FIG. S17. Calculated dispersion of the valence band of bulk ReSe2 projected onto atomic orbitals
(neglecting spin-orbit coupling) for the direction Γ − Z, perpendicular to the layer planes, as for
Fig. S16. The two types of Re atom are considered (top light blue box: atom 1; bottom dark blue
box: atom 2). The energy of the top of the valence band is indicated by the white dashed lines.

Fig. S17 shows that the contributions of the Re1 dz2 and dx2 −y2 states to the uppermost
valence band are dominant, and the changes in composition of the top band on moving from
Z to Γ are only slight.
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[8] A. Arora, J. Noky, M. Drüppel, B. Jariwala, T. Deilmann, R. Schneider, R. Schmidt, O. Del
Pozo-Zamudio, T. Stiehm, A. Bhattacharya, P. Krüger, S. M. de Vasconcellos, M. Rohlfing, and
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